Abstract -We review some of our recent results on photonic metamaterials operating at optical frequencies. In a series of interferometric pulse propagation experiments on negative index metamaterials, we have demonstrated simultaneous negative phase and group velocity of light at 1.5 µm wavelength. By optimizing the structure parameters and utilizing silver instead of gold, the losses of the negative index metamaterial have been reduced significantly. Further downscaling of the lattice constant has brought the negative refractive index to the red end of the visible spectrum. We have also fabricated negative index metamaterials with up to three functional layers. Besides of unusual dispersion properties, metamaterials can also exhibit very interesting polarization effects. We have performed experiments and numerical calculations for a chiral planar metamaterial design. This design comprises dense arrays of double-layer gammadions. The excitation of anti-symmetric current oscillations in the two layers leads to pronounced circular dichroism.
I. INTRODUCTION
Almost forty years ago, V. G. Veselago theoretically investigated the electrodynamics of materials which simultaneously exhibit negative values for the electric permittivity µ and the magnetic permeability ε [1] . He predicted that the wave vector k of a wave propagating through such a medium is antiparallel to its Poynting-vector S. In other words, the phase velocity of the wave is negative. This remarkable property has far-reaching consequences. For example, consider a light wave impinging from vacuum onto the surface of the medium under an angle with respect to the surface normal. According to Veselago's calculations the wave is refracted towards the "wrong" side of the normal, i.e., we otain negative refraction. This unusual behavior is still compatible with Snell's law of refraction. However, one has to assign a negative index of refraction n to the materials if its electric permittivity and the magnetic permeability are simultaneously negativ.
Unfortunately, natural substances exhibit a negligible magnetic response at optical frequencies, i.e., their magnetic permeability is unity (µ=1). Under these circumstances, the work of Veselago appeared to be rather academic at the time of its publication and without consequences for applications.
The situation totally changed in 1999, when Pendry and coworkers proposed to utilize metamaterials in order to obtain a negative magnetic permeability [2] . Metamaterials are artificial periodic structures with lattice constants that are much smaller than the wavelength of the incident radiation. Thus, the light field "sees" an effective homogeneous material which can be characterized by effective material parameters. The "atoms", however, are not real atoms but are rather artificial structures such as split-ring resonators (SRRs). By properly designing the "artificial atoms", one can create metamaterials with optical properties which have no analogue among natural substances, e.g., a negative magnetic permeability or even a negative refractive index.
The basic physics of "magnetic atoms" is quite simple: In order to obtain a magnetic response from a metal structure the incident light field has to excite local currents circulating in loops (solenoidal currents). These currents in turn give rise to a magnetic dipole-moment. By properly designing the metal structure, one can obtain a resonant enhancement of the local currents leading to a very strong magnetic response and potentially a negative magnetic permeability. For example, Pendry's metamaterial is based on an array of metallic subwavelength SRRs [2] . Each of the SRRs mimics an LCoscillator consisting of a magnetic coil with inductance L and a capacitor with capacitance C. If the frequency of the incident light lies within a spectral band slightly above the LCresonance frequency, the effective magnetic permeability of the SRR array can indeed be negative.
In analogy, one can understand the physics of "electric atoms". For example, an array of long wires acts as a diluted Drude metal if the electric field is oriented along the wire axis [3] . These wire arrays allow for a negative permeability below the effective plasma frequency. Combining "magnetic atoms" with "electric atoms" in a suitable design can finally result in metamaterials with a negative index of refraction.
In 2001, the first metamaterial with a negative index of refraction years was fabricated for microwave frequencies [4] . In the last few years, the operation frequency has been increased by more than four orders of magnitude reaching optical frequencies in 2005 [5, 6] . The increase in operation frequency requires both nanofabrication technologies as well as new metamaterial designs.
II. NEGATIVE INDEX METAMATERIALS
At microwave frequencies, most negative index metamaterials consist of a combination of SRRs which exhibit a magnetic resonance and long wires which act as a diluted Drude metal. However, this approach is not very practical for optical frequencies since the combination of SRRs with metal wires to form a three-dimensional structure is very challenging on the nanometer scale. The fishnet structure [7] shown in Fig.  1 (a) is an alternative design which can also provides a negative index of refraction and which does not pose these severe fabrication problems. The optical properties of the fishnet structure can be understood as follows: The incident light field can excite an anti-symmetric current oscillation in the two metal layers of the broad stripes [8, 9] , leading to a local magnetic dipole moment and to negative magnetic permeability above the magnetic resonance frequency ω m . The electron oscillations along the thin wires lead to a diluted Drude-metal response with negative electric permittivity below the effective plasma frequency ω p . The combination of these two aspects results in a negative index of refraction. Fig. 1 (b) and (c) demonstrate that this intuitive picture is indeed a useful approximation for the fishnet structure. First, we have calculated the magnetic permittivity and the electric permittivity of the isolated double plates and long wires, respectively (black curves). The corresponding simulations for the fishnet structure yield the blue and red curve. The magnetic resonance frequency ω m (the effective plasma frequency ω p ) of the fishnet structure is slightly blue-shifted (red-shifted) with respect to the isolated structure. However, the overall shape of the spectral features is more or les the same.
We have fabricated fishnet-structures by standard electronbeam lithography [10] on quartz substrates (see electron micrograph in Fig. 2 (a) ). We use MgF 2 with a refractive index of 1.38 as the spacer layer and gold as the metal. The samples have a footprint of 100µm x 100µm. Optical transmittance and reflection spectra are shown in Fig. 2 (b) . Numerical simulations are performed with a commercial finite-difference time-domain program package (see Fig. 3 (c) . These simulations predict a negative index of refraction at around 1500 nm wavelength.
To perform phase-sensitive experiments on these samples, we employ a compact Michelson interferometer. In one arm of the interferometer we can insert the sample [10] . 170-fs transform-limited Gaussian pulses from an optical parametric oscillator (OPO), tunable around 1500-nm wavelength, are sent into this interferometer. The output of the interferometer is recorded as a function of the interferometer time delay. When inserting the sample, the interferogram shifts on the time delay axis. The shift of the rapidly oscillating fringes is related to the sample phase velocity. The shift of its envelope is determined by the sample group velocity. Fig. 3 summarizes the phasesensitive experiments. If we assume that the phase delay is exclusively due to propagation, a negative refractive index requires phase delays more negative than Δt phase = -2d / c 0 . With the metamaterial thickness of d=85 nm, we get the "Re(n)=0 line" at Δt phase =-0.57 fs (dashed horizontal line in Fig. 3 (a) ). From our experimental data and this simple model, we expect Re(n<0) for wavelength below 1510 nm. If we retrieve the refractive index from the numerical simulations, we obtain Re(n<0) for wavelength below 1520 nm (solid red curve in Fig.3 (a) ). The small spectral offset originates from an additional phase delay due to the interfaces air/metamaterial and metamaterial/substrate which has not been taken into account by the simple model. Additionally, we find that around 1500 nm wavelength, the group delay and hence the group velocity becomes negative (see. Fig. 3 (b) ). By optimizing the structure parameters and utilizing silver instead of gold, we have significantly reduced the losses of the negative-index metamaterial [11] . For the optimized sample, we retrieve a real part of the refractive index of Re(n)=−2 around 1450 nm wavelength. The maximum of the figure of merit FOM= -Re(n)/Im(n) is about three at a spectral position where Re(n)=−1.
Further downscaling of the lattice constant from a=600 nm to a=300 nm has brought the negative-refractive index to the red end of the visible spectrum [12] . By comparing transmittance, reflectance, and phase-sensitive time-of-flight experiments with theory (not shown), we infer a real part of the refractive index of n=−0.6 at a 780 nm wavelength -which is visible in the laboratory. However, the maximum value of the figure of merit is only about FOM≈0. 5 .
Recently, we have also fabricated negative-index metamaterials with up to three functional layers [13] . The silver-based samples are again fabricated by standard electronbeam lithography and a lift-off procedure. The measured performance is close to theory and in that the retrieved optical parameters do not change too much with the number of functional layers (not shown).
III. CHIRAL METAMATERIALS
While the dispersion properties of photonic metamaterials are subject of intense research activities, considerably less attention has been paid to the polarizing properties of metamaterials. It was shown recently, that planar chiral structures [14, 15] allow for manipulating the polarization state of a light field. The observed effects have been attributed to plasmon modes leading to local electric-dipole moments oscillating in a particular manner.
Here, we discuss photonic metamaterials composed of double-layer gammadions where two metal layers are separated by a thin dielectric spacer [16] . As a result, strong magnetic-dipole moments can occur as well. In our samples, the double-layer gammadions are arranged in a square lattice with lattice constant a=340 nm. The double-layer gammadions consist of a sandwich of 25 nm Au, 25 nm MgF 2 , and 25 nm Au on a glass substrate, coated with a 5-nm thin film of indium-tin-oxide. All layers are produced via standard electron-beam lithography and a lift-off procedure. The sample footprint is 100 µm x 100 µm. For reference purposes, we have also fabricated single-layer gammadion structures with identical lateral dimensions and a 50-nm Au layer.
For the optical characterization we perform broad-band transmittance spectroscopy with circularly polarized incident light. In this fashion, we essentially measure effects due to the imaginary part of the refractive index, while previous work has focused on differences in the real part of the refractive index by measuring rotation angles. Spectroscopic results of the double-layer gammadions are shown in the left column of the resonances at λ=870 nm wavelength and λ=1780 nm wavelength are associated with modes which exhibit antisymmetric charge-oscillations in the two layers. The transmittances are different for right-handed (rcp) and lefthanded (lcp) circular incident polarization. The corresponding spectra are shown as red and blue curves, respectively. To enhance the difference, we plot the circular dichroism (CD) spectra (green curve), defined via the measured transmittances T as ΔT rcp,lcp =(T rcp -T lcp ). Obviously, strong circular dichroism can only be found for the anti-symmetric modes. The CD spectra for the enantiomeric structures (top row and bottom row of Fig. 1 (a) ) simply reveal a reversed sign of the CD spectra -as expected from symmetry. This observation rules out a major influence of unintentional linear birefringence. The corresponding CD spectra of the single-layer gammadion structure exhibit much reduced effects (not shown). Since the amount of metal is the same for both structures, we can conclude that the differences are due to design rather than due to the total thickness of the metal layers. The physical origin of this difference lies in the fact that the coupled double-layer gammadions allows for anti-symmetric charge-oscillation eigenmodes while the single layer gammadions do not. The anti-symmetric modes give the combined plasmon modes a certain "twist" into the propagation direction of light, hence increasing the circular dichroism. In contrast, this "twist" is absent for the symmetric modes double-layer gammadions and the modes of the singlelayer gammadions.
This interpretation is also supported by rigorous numerical calculations based on a finite-element frequency-domain approach (right column of Fig. 4 ). All trends regarding the relative strength of double-layer versus single-layer systems are nicely reproduced.
